An in situ nitric acid analyzer has been designed for sensing in the remote atmosphere. Its operation is based on measuring the concentration difference between the total odd nitrogen species (NOy) and HNO3-scrubbed NOy. NOy was measured by an NO-ozone chemiluminescent detector equipped with a molybdenum converter. A temperature-controlled annular denuder coated with NaCl was used as a scrubber of gaseous HNO3. The current detection limit of the HNO3 analyzer was estimated to be 158 and 71 pptv (parts per trillion by volume) with an integration time of 2 and 10 min (2s), respectively. The analyzer was calibrated using standard gaseous HNO3 to verify its performance. The HNO3 concentrations measured by the scrubber difference and the NO-ozone chemiluminescence methods (SDCL method) were in agreement with those obtained by the denuder method within the experimental uncertainties (more than ±4%). We conducted limited field observations of NOy and HNO3 in the remote atmosphere using the newly designed SDCL method at Cape Hedo, Okinawa, Japan.
Introduction
Gaseous nitric acid (HNO3) is one of the most crucial acid species in the atmosphere.
HNO3 is stable against photochemical destruction, making it transportable over long distances, such as from the Asian continent to Japan. 1 Its main removal processes are deposition (both wet and dry) and uptake on aerosol surfaces. Therefore, HNO3 would be one of the species involved in transboundary pollution, such as "acid rain". Because HNO3 is an end-product in the total odd nitrogen species NOy (= NO + NO2 + HNO3 + HONO + HO2NO2 + NO3 + N2O5 + peroxyacyl nitrates + organic nitrates + particulate nitrates) in the troposphere, it is important as an indicator of the extent of the photochemical reactions for transport processes. In order to understand nitrogen chemistry in the atmosphere, it is required to learn the temporal variations of HNO3, while considering the fast chemical and physical change of the atmosphere. Therefore, an HNO3 analyzer with a fast time resolution is very useful.
Several methods have been developed to measure gaseous HNO3. The mist chamber 2, 3 and the denuder system [4] [5] [6] [7] [8] [9] are simple methods to measure HNO3. However, a long collection time (at least 30 min) is required to measure HNO3 with high sensitivity. These methods are inappropriate for in situ measurements.
In contrast, a chemical ionization mass spectrometry (CIMS) system [10] [11] [12] [13] can measure gaseous HNO3 with excellent time resolution and high sensitivity. Typical detection limits for HNO3 are a few pptv (parts per trillion by volume) with a few seconds of integration time. However, CIMS requires frequent maintenance of its sophisticated mass spectrometry and high vacuum components. Simpler and more user-friendly analyzers with fast time resolution are desirable in order to observe gaseous HNO3, both reliably and in real time. The tunable diode laser system (TDL) is widely used to perform in situ HNO3 observations. [14] [15] [16] However, uncertain losses of HNO3 in the inlet system and multi-pass optical cells would exist. TDL has a higher detection limit (75 -300 pptv for a 1 -30 min integration time) in comparison with CIMS. In addition, a multi-pass optical cell would make handling difficult because of difficult alignment of the laser beam.
The scrubber difference and the NO-ozone chemiluminescence methods (SDCL methods) [17] [18] [19] could be a means of in situ HNO3 measurements in the field. Although a high time resolution and sensitivity cannot be expected compared with CIMS, this method is easier to use than CIMS and TDL, because SDCL is based on a commercially available NO-ozone chemiluminescent detector. This system has a two-channel NOy analyzer with dual Au-CO or Mo converters to reduce NOy to NO. One channel (CH1) has only a catalytic converter (Au-CO or Mo) to reduce the total NOy to NO. The NO concentrations are measured by an NO-ozone chemiluminescent detector. The other channel (CH2) has an HNO3 scrubber coupled to a catalytic converter to reduce NOy-HNO3 to NO. The HNO3 concentrations are defined as CH1 -CH2. This system is based on a commercially available NOx (= NO, NO2) analyzer and Mo catalytic converter, which makes it easier to acquire and operate. This analyzer has good time resolution (12 s), but the instrument does not have high sensitivity (detection limit of 1.1 ppbv with S/N = 2 and a 3-min integration time). The most important point is that it has a Teflon pre-filter just after the inlet to remove particles in air. The pre-filter can lead to the following two artifacts when measuring HNO3 in the atmosphere. First, gaseous HNO3 can react with particles, such as sea salt on the pre-filter to create a negative artifact. Second, ammonium nitrate collected on the pre-filter can be dissociated into gaseous HNO3 and ammonia through its thermal equilibrium, leading to a positive artifact.
We designed an improved gaseous HNO3 analyzer based on a measurement system by Yamamoto et al. in order to take measurements at remote sites. First, we removed the Teflon prefilter, which leads to the production of artifacts, and then the Teflon filter was placed just after the Mo catalytic converters. Second, a hot quartz-bead converter was eliminated in order to reduce thermally produced NOx, which causes a background signal in the chemiluminescent detector. Also, the measurement system becomes simpler. Third, the molybdenum converters were placed just after the inlet to lower the HNO3 adsorption on the inner surface of the inlet (HNO3 can be converted to NO only by the molybdenum converter; see below). Fourth, an annular denuder coated with NaCl was used as an HNO3 scrubber to remove gaseous HNO3, but not particulate nitrates. Because this system does not use a Teflon pre-filter to remove particles, only gaseous HNO3 needs to be removed. Fifth, we increased the sensitivity of the NO-ozone chemiluminescent analyzer. The use of O2 to generate O3 increases the intensity of NO-ozone chemiluminescence. A high-vacuum pump was utilized to reduce the quenching of excited NO2 in the reaction chamber of the NO-ozone chemiluminescent analyzer. Observations of gaseous HNO3 in remote sites as well as in polluted and rural sites can be performed using the improved system. In addition, the improved system simultaneously measures NOy. In this paper, the improved SDCL analyzer is described in detail. It also describes the initial results from measurements taken on Okinawa Island, in the remote marine boundary layer.
The Measurement System of Total NO y and Gaseous HNO 3 Instrumentation Figure 1 shows a schematic diagram of the SDCL instrument. This measurement system has an "[NOy] channel" (CH1) and an "[NOy]-[HNO3] channel" (CH2). For CH1, ambient air was introduced into a molybdenum converter (Thermo Electron, part No. 9445) heated at 588 K to reduce NOy to NO. The NO concentration was then analyzed by a commercially available NO-O3 chemiluminescent detector (Thermo Electron, Model 42C-TL). In CH2, ambient air passed through the HNO3 scrubber to remove gaseous HNO3 before being introduced into another molybdenum converter. The signals of CH1 and CH2 correspond, respectively, to NOy and NOy-HNO3 concentrations. Therefore, the HNO3 concentration can be obtained by subtracting the CH2 signal (SCH2) from the CH1 (SCH1) signal (Eq. (1)),
The flow rates of both channels were set to be 0.5 SLM (standard liter per minute at 0˚C and 1 atm) by mass flow controllers (KOFLOC, 3660). The channels were switched automatically by two three-way solenoid valves installed in the NO analyzer. As a consequence, the sample flows of CH1 and CH2 were alternatively introduced into the chemiluminescent reaction chamber. The Thermo Electron (Model 42C-TL) NOx analyzer consists of a three-mode detection system: NO, NOx, and pre-reactor modes. Each mode of the detection system requires 10 s to measure NO chemiluminescent signals; thus, at least 30 s is required to measure the NOy and gaseous HNO3 concentrations. It should be noted that a delay coil (1/4≤ outer diameter Teflon tube) was inserted into CH1 to adjust for the time difference of detection between CH1 and CH2 due to mode-changing. The length of the delay coil was determined by monitoring the change of both (CH1 and CH2) signals when an NO standard gas was introduced into the analyzer. The air flow into the channels that is not introduced into the detector was evacuated by a diaphragm pump (KNF, Model MPU 877- 
Gaseous HNO3 scrubber
We used a single annular denuder coated with NaCl to remove gaseous HNO3. The denuder was made of Pyrex glass and composed of a glass tube (10-mm inner diameter and 200 mm long) and a glass rod (8-mm outer diameter and 200 mm long). The tube and rod were mounted concentrically. The coating was prepared by wetting the inner wall with approximately 5 mL of a 1 M NaCl solution in a 2:8 methanol/water ratio. Gaseous HNO3 was removed by an NaCl thin-layer coating on the inner wall of the glass tube and the outer wall of the rod, respectively, according to the following reaction: HNO3(g) + NaCl(s) ae AE HCl(g)≠ + NaNO3(s)Ø.
The transmission efficiency of particles (0.01-mm diameter) and the collection efficiency of gaseous nitric acid were found to be 95 and 99%, respectively, based on a theoretical calculation. 5 The amount of NaCl coated on the inner surface of the denuder was measured to be approximately 3 ¥ 10 -4 mol by ion chromatography (Dionex, ICS-1500). Assuming that the denuder can absorb the same amount of HNO3, it is equivalent to the amount of passing air with an HNO3 mixing ratio of 0.7 ppbv (parts per billion by volume) and a flow rate of 0.5 SLM for 1.5 ¥ 10 4 days.
Detection Limit of the HNO 3 Analyzer
In order to improve the sensitivity of the NO analyzer, O2 gas was used to generate O3. The flow rate of O2 passing into the O3 generator was set to be 50 SCCM (standard cubic centimeter per minute at 25˚C and 1 atm) by a mass flow controller (HORIBA STEC, SEC-400 MK3). The reaction chamber in the chemiluminescent detector was pumped by a high-vacuum diaphragm pump (ULVAC, MD-4) to reduce the quenching of excited NO2 and to raise the fluorescence quantum yields. The pressure inside the reaction chamber was maintained at approximately 27 hPa.
The detection limit of gaseous HNO3 was estimated. It should be noted that the detection limit depends on the NOy concentration, since HNO3 concentrations are obtained by Eq. (1). We assumed an NOy concentration of 5 ppbv, because the NOy concentrations at Cape Hedo, Okinawa, are usually less than 5 ppbv. Figure 2 shows a blank test of HNO3 at an NOy concentration of ~5 ppbv. The plots in Fig. 2 are 2-min running averaged values. The detection limit was obtained using the standard deviation of the "blank HNO3" signals described in Fig. 2 . The current detection limit of HNO3 using this SDCL method was estimated to be 158 and 71 pptv with 2-min and 10-min integration times (2s), respectively.
Collection Efficiency of the Gaseous HNO 3 Scrubber
We measured the collection efficiency of the denuder for gaseous HNO3. The vapor from the 1:1 solution of concentrated HNO3 and ultrapure water was passed inside the two denuders connected in series. The flow rate in the denuders was controlled at 0.5 SLM using a mass flow controller (KOFLOC 3660). The collection time was a few hours. Collected NaNO3/NaCl was extracted with 20 mL of ultrapure water, and then analyzed by ion chromatography (Yokogawa, IC-7000) as NO3 -. The collection efficiency was calculated by
where X is the collection efficiency and C1 and C2 are the concentrations of NO3 -trapped on the first and the second denuder, respectively. The typical concentrations of C1 and C2 were several hundred mM and several mM, respectively. The detection limit of the ion chromatography was 0.63 mM (2s). Table 1 shows the temperature dependence of the collection efficiency. The collection efficiency of HNO3 by the denuder was found to be 0.979 ± 0.004 (1s) at room temperature (~298 K). The collection efficiency decreased monotonously as the temperature increased. The temperature was maintained at 313 K during the observations in order to keep the collection efficiency uniform. It is very seldom that the temperature exceeds 313 K in Japan. A high collection efficiency of 0.950 ± 0.008 (1s) was obtained at 313 K.
Calibration of the HNO 3 Measurement System
The temperature of the Mo converters in this system was 588 K, which is lower than the temperature generally used in instruments based on this technique. 19, 21 Also, we removed a hot quartz-bead converter to pre-reduce HNO3. These actions are taken because thermally produced NOx in the converters can be reduced, and the measurement system becomes simpler. However, sufficient conversion efficiencies of HNO3 to NO are required to observe HNO3 accurately. In order to confirm this point, the calibration was conducted using standard HNO3 gas. A permeation tube (KIN-TEK) was used as an HNO3 standard gas source. The tube was stored in a constant-temperature oven (KIN-TEK, Model 491M-B) regulated at 303, 313, 323 or 333 K to control the concentrations of HNO3 from 3 to 15 ppbv. The standard gas from the oven was divided into two lines. Line 1 was introduced into the SDCL HNO3 analyzer to measure the HNO3 concentration. Line 2 was passed into a denuder, identical to the one used in the HNO3 analyzer, to collect the HNO3 gas. The flow rates of lines 1 and 2 were set to be 1.0 and 0.5 SLM, respectively. It should be noted that the 1.0 SLM flow rate of line 1 is the sum of the flow rates of CH1 and CH2 (both 0.5 SLM) for the SDCL HNO3 analyzer. The collection time of the denuder was adjusted from 24 to 72 h, depending on the HNO3 concentrations. The collected NaNO3/NaCl in the denuder was extracted with ultrapure water and analyzed by ion chromatography (Dionex, ICS-1500). The HNO3 concentrations obtained by the denuder and the SDCL methods were then compared.
In the SDCL method, the measured HNO3 concentrations were averaged over the collection period. The measurement was also taken using HNO3 free air ([HNO3] = 0 ppbv). Figure 3 represents the relationship of the measured concentrations between the SDCL and the denuder methods.
The slope and intercept of the weighted regression line were found to be 1.037 ± 0.015 (1s) and 0.026 ± 0.027 (1s), respectively. We concluded that the HNO3 concentrations measured by the SDCL method are in agreement with those obtained by the denuder method within the experimental uncertainty. The main uncertainties of the experiment arise from the NO calibration of the O3 chemiluminescent detector (±10%), the extraction of collected NO3 -from the denuder (±15%), the calibration of the ion chromatography (±10%), the total flow passed through the denuder (±3%), and the collection efficiency of the denuders (±2%). This result confirmed that the SDCL method can measure gaseous HNO3 concentrations accurately following calibration with standard gaseous HNO3.
Observation in the Remote Atmosphere
A field observation was conducted at Cape Hedo, Atmosphere and Aerosol Monitoring Station (CHAAMS) in Okinawa, Japan. The observatory is located at a latitude of 26˚52¢N, a longitude of 128˚15¢E, and an elevation of 60 m above sea level. The details of the observational site are described elsewhere. 1, [22] [23] [24] Briefly, the site is located near Cape Hedo, the northernmost point of the Okinawa Main Island. The population in Kunigami Village, where the observational site is located, is only ~6000. The horizontal distance from the site to the seashore is only about 200 m in the northwest. Therefore, the observational site is in the remote marine boundary layer. Figure 4 shows the 10-min averaged concentrations of NOy and HNO3 in November 2005. As mentioned above, the detection limit of HNO3 using this SDCL method was estimated to be 71 pptv with a 10-min integration time (2s). The observed HNO3 concentrations of 92.5% were above the detection limit during this period. Therefore, we concluded that this SDCL system can measure gaseous nitric acid sufficiently at Cape Hedo, a remote area.
The averaged NOy and HNO3 concentrations during the period were 1.39 and 0.23 ppbv, respectively.
The averaged ratio of the HNO3 to NOy concentrations was calculated to be 0.17. The HNO3/NOy ratio observed during the period would be low, considering the remote area. 25 However, the high concentrations of sea-salt aerosol can take up gaseous HNO3 to generate particulate nitrate. Indeed, the concentrations of particulate nitrate were reported to be comparable to those of gaseous HNO3 at Cape Hedo. 1 Therefore, the air mass during the observation period would be well-aged air. Although discussion on the results of this observation will be described in a future article, it has been demonstrated by these observations that gaseous HNO3 can be observed in remote areas using this instrument.
